Discovery of a single specimen of a shrimp fossil from the Devonian Woodford Shale in the Ryan Quarry, near Ada, Oklahoma, documents the oldest occurrence of a penaeoid decapod crustacean, Aciculopoda mapesi n. gen., n. sp. within the Aciculopodidae n. fam. The specimen lacks any diagnostic features of the primitive Paleozoic eumalacostracans, including caudal furca, but possesses the characteristic form and preservational style of the Superorder Eucarida, particularly the Superfamily Penaeoidea. The shrimp specimen is remarkably preserved; it has been phosphatized, and the muscles of the pleon have been preserved completely enough that discrete muscle bands are discernable. The cuticle of the cephalothorax is shattered into small fragments, whereas that of the pleon is absent except for the telson. Confirmation that this specimen represents a Devonian decapod documents only the second decapod taxon known from the Devonian and the third from the Paleozoic. It is the earliest known shrimp and one of the two oldest decapods, both from North America.
INTRODUCTION
Paleozoic members of the Subclass Eumalacostraca are restricted almost exclusively to primitive forms historically assigned to the Superorder Eocarida Brooks, 1962 (Glaessner, 1969 . The ''eocarids'' have subsequently been split (Schram, 1986) into several more cohesive orders based upon lack of sound definitional bases for the Eocarida sensu Brooks. Thus, the discovery of a specimen of Devonian age that can be assigned to the Superorder Eucarida Calman, 1904 , is noteworthy. The eucarids include euphausiaceans, amphionidaceans, and decapods (Martin and Davis, 2001 ). There are no extinct orders of the Eucarida. Among these, only the decapods have an ancestry that extends into the Paleozoic, and that record is sparse. The presence of a shrimp referable to an extant superfamily assumes great importance because it firmly roots the ancestry of the decapod lineage into the mid-Paleozoic.
The Woodford Shale is a dark colored, siliceous shale with interbedded phosphatic layers and phosphate concretions in some horizons (Over and Barrick, 1990; Over, 1992; Mapes, personal communication, 10/2009 ). The unit crops out southwest and northeast of the Arbuckle Mountains in southern Oklahoma. Fossils that have been reported from the formation include radiolarians, conodonts, sponge spicules, ammonoid and nautiloid cephalopods, inarticulate brachiopods (Over, 1992) , and small phyllocarid arthropods (Cooper, 1932 ). Cooper's report of arthropods included a phyllocarid, Concavicaris Rolfe, 1961 , and a form of uncertain affinities assigned to the genus Sidetes Giebel, 1847 , that is now considered to be an ammonoid aptychus and not an arthropod. Based upon conodont biostratigraphy, the formation spans the Devonian/Carboniferous boundary (Over, 1992) . The megafauna is confined largely to a level about 19 m above the base of the section in the Ryan Quarry (Fig. 1) , level R 19 of Over (1992) (Mapes, personal communication, 10/2009) ; this is the level, interpreted to be Famennian in age (374.5-359.2 MYBP), from which the shrimp was collected. The rock on which the shrimp is preserved is very finely laminated with light colored, thin siliceous layers bearing phosphatic peloids interbedded with crinkly bedded dark organic layers (Fig. 2) . This is strikingly similar to the bedding characteristics of the Posidonia Shale in Germany (Schieber, 2007) , although the Posidonia Shale is calcareous rather than siliceous. The beds were interpreted to have been deposited in a deep, quiet water setting in a sedimentstarved basin (Over, 1992) .
The purposes of this paper are to describe the fossil shrimp from the Woodford Shale and to interpret its systematic position within Arthropoda. This sets a new benchmark for the origin of the shrimp-like decapods. Additionally, the mode of preservation of the animal are described. The remarkable preservation of pleonal muscle tissue permits hypotheses on the rate and mode of preservation of soft tissue.
SYSTEMATICS
Class Malacostraca Latreille, 1802 Subclass Eumalacostraca Grobben, 1892 Superorder Eucarida Calman, 1904 Remarks.-Placement of our fossil within the Eucarida is based upon several observations. Within Eumalacostraca, several groups, including Eucarida, embrace taxa that are JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 629-635, 2010 shrimp-like in appearance. The definitional bases of nearly all of the primitive eumalacostracans include the possession of caudal furca and an articulated median telson spine (Brooks, 1969; Schram, 1986) . These features are not seen on the specimen under consideration. Eucarida are represented in the Paleozoic by only a few forms, including Palaeopalaemon newberryi Whitfield, 1880, from the Late Devonian (Famennian) of North America (Schram et al., 1978) , and Protoclytiopsis antiqua Birshtein, 1958 , from the uppermost Permian of Siberia (Schram, 1980) . A third genus, Imocaris Schram and Mapes, 1984 , has been examined recently by us and was removed from Decapoda (Schweitzer and Feldmann, 2005) , although Schram (2009) Remarks.-Penaeoidea include shrimp with a laterally compressed carapace, thin cuticle, a long pleon in which the first somite is not reduced and in which the first pleura are not overlapped by the second, and pereiopods 1-3 that are similar in form (Glaessner, 1969) . Other definitional aspects of the superfamily are not commonly preserved in the fossil record. With the exception of the form of the pleonal pleura on somite 2, which is not preserved on the present specimen, the definition fits very well. The fossil at hand exhibits the unusual characteristic of a spinose element of one of the appendages, probably the merus of one of the pereiopods. Penaeoidea is one of the few shrimp groups that embraces genera characterized by possession of spiny appendages. At least two extinct penaeoids, Antrimpos Münster, 1839, and Aeger Münster, 1839, exhibit this character (Glaessner, 1969; Schweigert, 2001) . Antrimpos and Aeger are confirmed members of the penaeoids based upon possession of a laterally compressed carapace; the first pleonal somite similar in length to succeeding somites; the pleura of epimere 2 not overlapping adjacent pleura; and the third pereiopod about as long as pereiopods 1 and 2. The affinities are close enough that Glaessner (1969) assigned the genera to Penaeidae Rafinesque, 1815. More recently, Schweigert (2001) and Schweitzer et al. (2009) have considered the two genera to belong to a separate family, Aegeridae Burkenroad, 1963, within Penaeoidea.
Spinose appendages are also common in species within the pleocyemate Stenopodidea Claus, 1872, but this is a group containing very small, spiny shrimp with a prominent cheliped on the third pereiopod (Davie, 2002) . The specimen at hand is relatively large overall. Spines on the appendages of stenopodids tend to be small and directed distally. The spines on the appendage of the new fossil are oriented perpendicular to the long axis of the element. Thus, we eliminate the new fossil from this group.
Aciculapodidae n. fam.
Diagnosis.-As for genus. Etymology.-The family name is derived from the Latin acicula 5 needle or pin, and poda 5 foot, in reference to the diagnostic possession of needle-like spines on the pereiopods. The gender is feminine.
Diagnosis.-Cephalothorax laterally compressed, smooth; rostrum axially sulcate, no rostral spines proximally. Pleon with epimeres 1-5 approximately equal in length, somite 6 longer; telson long, tapering to sharp termination; uropods spatulate. At least one thoracic appendage element flattened, with thick cuticle and bearing long, sharp spines or denticles oriented at right angles to long axis of appendage.
Aciculopoda mapesi n. sp.
Figs. 3A-E, 4
Diagnosis.-As for genus.
Description.-The entire specimen measures 68.8 mm in length and is enveloped in a nodular, reddish concretionary structure presumed to be phosphatic (Fig. 3) . The specimen is inflated and elevated above the bedding surface on which it lies. The cephalothoracic region is about 31 mm long and is severely crushed and fragmented. The anterior part of the cephalothorax is preserved in dorsal aspect as a broken fragment about 10 mm long and 2 mm wide (Fig. 3A) . The anteriormost part is deeply sulcate and bounded by sharp crests; the posteriormost part is smoothly rounded. Fragments of dark blue cuticle adhere to the anteriormost part of the cephalothorax and are distributed around the remainder of the region as tiny broken and displaced fragments. An elevated, circular structure with a depressed core is interpreted to be the right eye (Fig. 3A) . It has a diameter of about 1.7 mm and lies on the right side of the cephalothorax about 7.5 mm from the anteriormost part of the exposed cephalothorax. A pair of triangular structures about 1.2 mm wide at their bases lie adjacent one another at about midlength of the cephalothorax. They are interpreted to be mandibles (Fig. 3C) . The remainder of structures on the cephalothorax are obscured by breakage.
The pleon, preserved in lateral aspect with six pleonal epimeres, telson, and uropods. It is about 62 mm in length measured along the dorsal margin, about 9 mm high measured at somite 2, and strongly curved downward at epimeres 4 and 5. The entire pleonal cuticle is absent except on parts of the telson. Epimeres 1-5 are about 5.5 mm long, measured along the dorsal margin; somite 6 is about 14 mm long, and the telson is about 15 mm long. Epimeres are defined by bundles of muscles (Fig. 4) . The dorsal pleonal muscles are about 1 mm thick; exterior arms of the anterior oblique muscles are most strongly developed and overlie posterior parts of the posterior loop of the anterior oblique muscles. The origin point of the transverse muscles is indistinct. The telson is long, narrow, smooth, and uniformly tapering to a sharp termination Fig. 3B ). Uropods are poorly preserved; spatulate in outline; exopod finely sculpted with longitudinal striae.
Two appendage articles, interpreted to be meri, lie beneath the cephalothorax and are directed posteroventrally. Each article is about 15 mm long, broken distally, and uniformly about 1 mm high along entire exposed length (Fig. 3E) . The upper surface as the articles are oriented, bear ensiform spines up to 1 mm long separated by shorter spines and, in some places, hair-like bristles.
Etymology.-The trivial name recognizes Dr. Royal Mapes, Professor Emeritus at Ohio University, Athens, Ohio, who collected this and many other crustacean specimens over the years, and upon which this species is based and who made it available to us for study. Roy is a zealous collector who has unselfishly made material available to interested paleontologists.
Type.-The holotype, USNM 540766, and sole specimen is deposited in the United States National Museum, Smithsonian Institution, Washington, D.C.
Occurrence.-The holotype was collected from the Woodford Shale in the Ryan Quarry, SW1/4, NE1/4, sec. 2, T2N, R6E, Ahloso 7K minute Quadrangle, south of Ada, Pontotoc County, Oklahoma. Based upon the conodont fauna (Over and Barrick, 1990; Over, 1992) and ammonoid cephalopods (Mapes, personal communication, 10/2009), the part of the Woodford Shale from which the decapod was collected lies about 10 m below the Devonian/ Carboniferous boundary and is Famennian in age.
DISCUSSION

Interpretation
The nature of the material upon which this description is based is such that an interpretation of the morphology is necessary. Whereas a survey of most Paleozoic eumalacostracans indicates that they are preserved in dorsal aspect (see for example Brooks, 1962; Schram, 1974) , the specimen at hand is disarticulated. The carapace is preserved in dorsal aspect but is broken and in disarray, whereas the pleon is viewed in lateral aspect and, although completely articulated, the cuticle has not been preserved. Thus, comparison with known Paleozoic eumalacostracans is difficult.
The cephalothorax appears to have been laterally compressed. The anteriormost part bears a rostrum that is axially sulcate, at least proximally. The distal part of the rostrum is not preserved. Examination of the fragments of the cuticle of the cephalothorax suggests that the carapace was generally smooth. There is no evidence of grooves nor is there any indication of surficial ornament. The structure interpreted to be the right eye appears to be a short, circular eyestalk bearing a shrunken, collapsed occular surface (Fig. 3A) . Examination of dessicated eyes on extant specimens of Litopenaeus Pérez Farfante, 1969, shows that the retinal surface shrinks as the animal dries out and the previously convex, globose surface is reduced to a wrinkled, concave structure. The shape of the putative eye, its position with respect to the rest of the cephalothorax, and the wrinkled upper surface support this interpretation.
Less certain is the presence of the mandibles (Fig. 3D ). The two triangular structures are positioned relative to one another such that they appear very much like the mandibles seen on many decapods. The upper surfaces as they are viewed are convex and the surfaces interpreted to be the occlusal surfaces are straight and aligned, although no serrations or denticles can be observed on those surfaces.
The pleon is remarkable because it is preserved in lateral aspect. That is, it is rotated out of the plane of preservation of the cephalothorax, and the cuticle is absent except on the telson. Although absence of the cuticle is significant, it is not altogether unexpected. Extant shrimp often have extremely thin cuticle on the pleon. It is likely that during the initial stages of preservation some decomposition of the connective tissues would result in loss of the cuticle while still maintaining the form and the muscles within. The pleonal epimeres are fully inflated and preserve muscles (Fig. 4) . In some parts of the pleon, notably in epimeres 2 and 3, the detail of preservation is good enough that discrete bundles of muscles can be identified. Comparison of these muscle bundles with those of a dissected specimen of Litopenaeus setiferus (Linnaeus, 1767) (Fig. 4) shows a very close correspondence between the Paleozoic fossil and an extant penaeid. The terminology used to characterize each of the bundles is that of Young (1959) . The dorsal pleonal muscles form long, relatively thin bundles that function to extend the pleon. The muscles employed in contracting the pleon and providing the thrust when swimming are very large, occupying nearly all the pleonal region. The observation that the oblique muscles are so strong and resemble those of the extant shrimp strongly supports the interpretation that this was an organism capable of active swimming. Further support is provided by the observation that the uropods are long and relatively broad. Their form, as well as the elongated, pointed form of the telson, is also similar to those structures of Litopenaeus. Finally, the curvature of the pleon also presents a shrimplike aspect.
The most striking feature of this fossil is the presence of the two fragments of appendages preserved along the margin of the carapace (Fig. 3E) . Some cuticle is still present on the appendages, and it appears to be sufficiently thick to form a rigid structure. Situated on one surface of the appendage fragments are needle-like denticles that are of variable lengths. Too few of the denticles are present to be able to establish a pattern of disposition of the sizes, although there is some suggestion that long denticles are separated from one another by at least one or two shorter sizes of denticles. The pattern resembles in many ways the pattern of spines on some lobsters such as on the merus and propodus of Neoglyphea inopinata Forest and de Saint Laurent, 1981 (Forest and de Saint Laurent, 1989) , or the cheliped of Acanthacaris Bate, 1888 (Chan, 1998) , but in both these cases the denticles are directed distally. The denticles on the present specimen are set perpendicular to the long axis of the appendage. As noted above, Aeger spp. and Antrimpos spp. also exhibit thoracic appendages with elongate teeth [see for example Aeger tipularius (Schlotheim, 1822) in Schweigert, 2001, fig. 1 ]. The needle-like spines on maxilliped 3 and pereiopods 1 and 2 are articulated, whereas those on pereiopod 3 are fixed (Schweigert, 2001) . Some of the denticles of Aeger appear to be perpendicular to the long axis of the appendage and some are directed slightly distally. Careful examination of the bases of the denticles on Aciculopoda mapesi has not provided clear evidence of whether the denticles are fixed or are articulated. In one small region of one of the appendage fragments a short series of fine bristles occurs instead of the denticles. It is probable that bristles extended the length of the appendages and that they were only preserved in one small region.
The presence of the spinose appendage elements, coupled with a distinctly shrimp-like pleon with an elongated somite 6 and a long slender telson lacking furca and articulating spines provides sufficient evidence to place this taxon within Penaeoidea. The presence of a sulcate rostral area and very prominent, greatly thickened thoracic appendage article with alternating long and short spines suggests placement within its own family. These features are not seen on members of other penaeoid families.
Preservation of Muscle
Preservation of muscle tissue is not common, although it has been recognized in some arthropods including Antrimpos from the Tithonian Solnhofen Limestone in Germany (Briggs and Kear, 1994) and eryonid, glypheid, and astacid lobsters from the Kimmeridgian limestones of Cerin in France (Briggs and Wilby, 1996) . Preservation of soft tissue requires special conditions assuring replication of the tissue by a stable mineral and protection from decay and scavenging during the preservation process. A series of recent field and laboratory studies have examined soft tissue preservation and made it possible to suggest a scenario for preservation of pleonal muscle tissue in Aciculopoda mapesi that is consistent with it mode of occurrence.
Soft tissue tends to be preserved by replacement by apatite (Martill, 1989; Briggs and Kear, 1994) . Precipitation of phosphatic minerals is typically inhibited in seawater because of the excess of HCO 3 and concomitant high pH (Briggs and Kear, 1994; Wilby et al., 1996) . However, anoxic conditions in which pH drops will favor precipitation of phosphatic minerals, including apatite . The anoxic conditions will also reduce the degree of scavenging of soft tissue. Under conditions of low pH and anoxia, it has been estimated that phosphatization of the soft tissue will occur within a few weeks (Briggs and Kear, 1994) . These conditions are promoted by the growth of microbial mats which protect the organism from predation and provide a microenvironment of anoxia, low pH, and excess phosphorous .
It is just these conditions that are indicated by the nature of preservation of Aciculopoda mapesi. The shrimp is preserved on a bedding surface of the Woodford Shale suggesting that the organism died and came to rest on the seafloor. The fine laminations of the enclosing sediments and the lack of disturbance of the remains support the interpretation that this was a low energy setting below wave base. Development of a microbial mat over the specimen may have resulted in conditions favorable for very rapid replacement of the muscle tissue by phosphatization as described by Gall et al., 1985; Gall, 1990) . The presence of thin organic layers within the siliceous shale probably reflects growth of microbial or algal mats during periods of reduced sedimentation. Similar organic layers have been attributed to formation as microbial mats in the Posidonia Shale in Germany (Schieber, 2007) . The phosphate necessary to permineralize the muscle was derived in large part from the phosphate incorporated in the sediment as pelloids or directly from the microbial mat . Anoxic conditions in the preservation of Aciculopoda mapesi is further supported by the precipitation immediately surrounding the fossil of an iron mineral, probably pyrite, that is now altered to limonite. Similar observations on the preservational style of Palaeonephrops browni (Whitfield, 1880) in our laboratory suggest that phosphatization of cuticle (although not muscle tissue) and an aureole of pyrite surrounding the carapace of delicately preserved decapods may be anticipated in similar cases of remarkable preservation.
Evolutionary Implications
The recognition of the oldest shrimp fossil in the Famennian of Oklahoma coupled with the earlier description of the oldest macruran, Palaeopalaemon newberryi, from the Famennian of Iowa and Ohio firmly roots the origin of Decapoda in the Devonian. The common ancestor of the two Late Devonian forms has yet to be recognized. The early history of Decapoda in the midcontinent of North America suggests that the common ancestor of Aciculopoda and Palaeopalaemon may have its origin in the ancient continent of Laurentia.
